Bone formation is dependent on the differentiation of osteoblasts from mesenchymal stem cells (MSCs). In addition to serving as progenitors, MSCs reduce inflammation and produce factors that stimulate tissue formation. Upon injury, MSCs migrate to the periodontium, where they contribute to regeneration. We examined the effect of clopidogrel and aspirin on MSCs following induction of periodontitis in rats by placement of ligatures. We showed that after the removal of ligatures, which induces resolution of periodontal inflammation, clopidogrel had a significant effect on reducing the inflammatory infiltrate. It also increased the number of osteoblasts and MSCs. Mechanistically, the latter was linked to increased proliferation of MSCs in vivo and in vitro. When given prior to inducing periodontitis, clopidogrel had little effect on MSC or osteoblasts numbers. Applying aspirin before or after induction of periodontitis did not have a significant effect on the parameters measured. These results suggest that clopidogrel may have a positive effect on MSCs in conditions where a reparative process has been initiated.
Introduction
Periodontitis is stimulated by bacteria that induces inflammation, which leads to bone resorption and is one of the most common osteolytic diseases (Graves et al. 2011) . The stimulation of an inflammatory response and osteoclast-mediated bone resorption is an important component of periodontal bone loss (Bartold et al. 2010) . Following bone resorption, new bone formation occurs due to the activity of osteoblasts (Sims and Walsh 2012) . The formation of new bone reflects the production of osteoid, which is dependent on the differentiation of osteoblasts from mesenchymal stem cells (MSCs; Knight and Hankenson 2013) . MSCs play important roles in tissue formation by reducing inflammation, producing factors that stimulate tissue formation, and serving as progenitor cells (Q. Zhang et al. 2012) .
MSCs migrate to sites in the periodontium, where they become activated and produce an array of bioactive mediators with various biological functions (Pignolo and Kassem 2011) . These cells can self-renew and differentiate into various types to cells that are needed for periodontal regeneration (Navabazam et al. 2013) . Although MSCs perform an important function by reducing inflammation, they are affected by inflammation. Proinflammatory cytokines interferon γ and tumor necrosis factor α (TNFα) synergistically impair selfrenewal and differentiation of MSCs (Q. L. Wang et al. 2013) . TNFα inhibits MSC differentiation into osteoblasts and induces apoptosis of MSC, as well as negatively affecting mature osteoblasts (Osta et al. 2014 ). Inhibition of interferon γ and TNFα improve the capacity of MSCs to regenerate bone (Liu et al. 2011) . Inflammation inhibits pathways induced by bone morphogenetic protein (BMP) or Wnt proteins that are needed to induce osteoblastic differentiation of MSCs (Pacios et al. 2012; Chang et al. 2013; Tang et al. 2013) . TNFα and interleukin 17 have been shown to impair differentiation of MSCs to osteoblasts (Chang et al. 2013 ). Inhibition of inflammation enhances the capacity of MSCs to regenerate craniofacial bone (Liu et al. 2011; Chang et al. 2013) . Thus, factors that affect inflammation are likely to be important in periodontal regeneration, in part, because of their effect on MSCs.
The ligature-induced periodontitis in the rat has many of the characteristics seen with human periodontal disease (Graves et al. 2008; Nassar et al. 2009 ). Removal of the pathogenic stimulus represented by the ligatures initiates resolution of inflammation and triggers a repair process (Liu et al. 2006; Coimbra et al. 2011; Pacios et al. 2012) . We previously demonstrated that clopidogrel helps resolve inflammation in this periodontal model (Coimbra et al. 2011) . Clopidogrel is used clinically to prevent platelet degranulation by binding to P2Y12 receptor expressed on the platelet membranes, which inhibits the endogenous ligand adenosine diphosphate (Bennett 2001; Gao et al. 2009 ). In the majority of in vivo studies, clopidogrel also inhibits inflammation (Evangelista et al. 2005; Ayral et al. 2007 ) and has been shown to inhibit the progression of atherosclerotic lesions by reducing levels of inflammatory factors (Li et al. 2007 ).
On the basis of these considerations, we examined the effect of clopidogrel on MSCs during repair of the periodontium initiated by removal of ligatures following an episode of periodontal bone loss. In results presented here, the number of osteoblasts were assessed by histologic analysis, and the number of MSCs were quantified by immunohistochemistry using antibody to CD271 and by immunofluorescence using an antibody to CD146. During resolution of inflammation, clopidogrel increased the number of MSCs and osteoblasts while reducing the number of inflammatory cells. Mechanistically, this was linked to increased proliferation of MSCs in vivo and in vitro.
Material and Methods

Animals
Sixty male adult Holtzman rats (Rattus norvergicus albinus) weighing 250 to 300 g were housed under similar conditions in cages with access to food and water ad libitum. All experimental protocols were approved by the institution's Ethics Committee for the Use of Experimental Animals and performed in accordance with the guidelines of the Brazilian National Council for the Control of Animal Experimentation.
In Vivo Experimental Design
Animals were anesthetized with ketamine and xylazine chloride (Francotar and Virbaxil, respectively, both from Virbac do Brasil Ind. Com. Ltda, São Paulo, Brazil); then, a 3.0 cotton thread was tied at the cervical portion of the lower right and left first molars in a subgingival position (Holzhausen et al. 2002) . Ten days after placement, ligatures were removed, eliminating the inflammatory stimulus and allowing resolution of inflammation over the subsequent 3 d. During these 3 d immediately after ligature removal, animals were treated with daily doses of aspirin (30 mg/kg), clopidogrel (75 mg/kg), or vehicle alone (0.9% saline) by gavage. The doses of clopidogrel or aspirin have been shown to cause effective inhibition of platelet aggregation and thrombus formation in rats (Ma et al. 2001; Coimbra et al. 2011) . Age-matched rats that did not receive ligatures-the no-periodontitis groups-were treated with aspirin, clopidogrel, or vehicle alone for 3 d prior to euthanasia (drug treatment-only rats).
Histologic Analysis
At the end of the experimental period, animals were euthanized, and hemimandibles were fixed in 4% paraformaldehyde at 4 °C for 48 h, followed by decalcification in 4.13% ethylenediaminetetraacetic acid (EDTA) solution (pH 7.2; Sigma-Aldrich, São Paulo, Brazil). Serial paraffin sections (5 µm) were obtained from buccal-lingual aspects of the left first molars and stained with hematoxylin and eosin or used for immunohistochemistry or immunofluorescence. The region of interest was the buccal and lingual bone and adjacent periodontal tissue associated with the first mandibular molars. Osteoblasts were morphologically defined as cuboidal cells lining the bone surface in areas of bone remodeling and counted at 200× magnification by an experienced examiner unaware of the experimental groups. The percentage of MSCs in gingival connective tissue from the top of the alveolar bone crest to the cementoenamel junction was assessed with antibody specific for CD-271 (1:10,000 dilution; Abcam, Cambridge, MA, USA) and for CD-146 (1:1,500 dilution; Millipore, Billerica, MA, USA) or matched control antibody. CD-271 is a marker for MSCs (Alvarez-Viejo 2013). Primary antibody was detected by avidin-biotin-horseradish peroxidase complex using a biotinylated secondary antibody (Abcam). To enhance the signal-to-noise ratio, citrate (pH 6) antigen retrieval was used along with tyramide signal amplification that enhances the chromogenic signal (PerkinElmer, Waltham, MA, USA). Sections were examined at 600× magnification.
CD271-, Ki-67-, and CD45-immunopositive cells were detected with specific antibody to each by double immunofluorescence. The analysis involved colocalization of CD271 and Ki-67 to assess proliferating MSCs and colocalization of CD271 and CD45 to count CD271 + CD45cells. For double immunofluorescence, residual biotin sites and peroxidase activity associated with the first primary antibody-CD271 (1:10,000; Abcam), Ki-67 (1:20; Vector Laboratories, Burlingame, CA, USA), and CD45 (1:100; Abcam)-were blocked with avidin/biotin blocking reagent and 3% hydrogen peroxide (Vector Laboratories). A second primary antibody was then detected by the same method described above using avidin-fluorescein (Vector Laboratories). Nuclei were visualized with DAPI counterstain. We examined the connective tissue in the buccal and lingual gingiva of the mandibular first molars for CD271-positive cells. In some experiments, MSC proliferation was measured by colocalization of CD271 and the proliferation marker Ki-67 using specific antibodies to each. It established whether CD271-positive cells were of hematopoietic origin by determining if CD271 cells were also positive for the leukocyte marker CD45. These experiments used specific CD271 antibody that was detected with secondary antibody and Texas Red fluoroprobe and CD45 antibody or Ki-67 antibody that was detected with a species-specific secondary antibody and fluorescein-labeled fluoroprobe. In each case, sections were also subjected to DAPI nuclear stain. Matched control antibodies were used as negative controls in each experiment. Sections were examined at 600× magnification and 5 fields per section, and colocalization of Texas red and fluorescein-labeled cells was assessed using the software NIS-Elements AR (Nikon, Melville, NY, USA).
In Vitro Proliferation Assay
Human bone marrow-derived MSCs obtained as previously described (L. or murine mesenchymal stem cells (C3H10T1/2) were cultured in alpha-MEM media (Sigma-Aldrich) supplemented with 10% fetal bovine serum (Sigma-Aldrich) and 1% penicillin/streptomycin. For proliferation assays, 8 × 10 3 cells were seeded in each well of 8-well chamber slides. All experiments were performed in triplicate and repeated 3 times independently. Cells were incubated in 10% fetal bovine serum in culture media with or without clopidogrel (0.18 and 1.8 µM) or aspirin (0.05 and 0.5 mM) with doses based on the IC50 and was below the level of toxicity. Cells were fixed and visualized with DAPI mounting medium (Vector Laboratories) to count the number of cells in 5 random fields per well at 600× magnification.
Statistical Analysis
All data were expressed as mean ± SEM. Differences among the groups were analyzed by analysis of variance, followed by Tukey's test for multiple comparisons. P values <5% were considered statistically significant.
Results
Clopidogrel Increases the Number of Osteoblasts in Areas of Bone Remodeling
The number of osteoblasts was measured as cuboidal bone cells lining bone in areas of remodeling. There were no differences among the groups without periodontitis. In the periodontitis groups with resolving inflammation, clopidogrel treatment stimulated a 37% increase in the number of osteoblasts (P < 0.05) compared with vehicle alone. In contrast, treatment with aspirin did not affect osteoblast numbers (Fig. 1A) .
Clopidogrel Increases the Number of MSCs
Immunohistochemistry was performed using antibody to CD271, a marker of MSCs in rat connective tissue (Liu et al. 2014) . There was no immunostaining with matched control IgG (data not shown). Without induction of periodontitis, clopidogrel or aspirin did not affect MSC numbers compared with treatment with vehicle alone (P > 0.05). However, in rats with periodontitis, administration of clopidogrel caused a 46% and 40% increase in CD271-and CD146-positive cells, respectively, compared with NaCl-treated animals during resolution of periodontal inflammation (P < 0.05). Aspirin had no effect under these conditions (P > 0.05; Fig. 1B, C; Appendix Fig.) . number of proliferating cells in the gingival connective tissue of animals without induction of periodontitis (P < 0.05). In rats that had periodontitis, there was a 45% increase in the overall level of cell proliferation stimulated by clopidogrel versus vehicle treatment (P < 0.05). Treatment with aspirin did not affect the number of proliferating cells in vivo (P > 0.05; Fig.  2A ). The effect on MSC proliferation was measured by double immunofluorescence assay using CD271-and Ki-67-specific antibodies (Fig. 2B, C) . Clopidogrel caused a 67% increase in the number of proliferating CD271 + MSCs versus those treated with vehicle alone (Figs. 3B, C, 4) . Treatment with aspirin had no effect on MSC proliferation in any group (Fig. 2B, C) .
Clopidogrel, Not Aspirin, Increases the Number of Proliferating MSCs In Vivo
Clopidogrel Reduces the Inflammatory Infiltrate in the Gingiva
Inflammatory cells were measured by immunofluorescence using a specific antibody to CD45, a panleukocyte marker (Suades et al. 2014) . Clopidogrel had no significant effect on the number of CD45 + cells in rats that did not have periodontitis. In rats that had periodontitis induced, clopidogrel treatment during the resolution phase caused a 60% decrease in the number of leukocytes compared with saline-treated animals (P < 0.05; Fig.  3A ). Double immunofluorescence was performed to rule out the possibility that the CD271 cells were hematopoietic since MSCs are CD45 negative (Dominici et al. 2006) . A very small percentage of CD271 cells were double immunopositive for CD271 and CD45 as expected, but the vast majority of CD271-positive cells were not hematopoietic (Fig. 3B, C) .
Clopidogrel Increases Proliferation of MSCs In Vitro
In vitro experiments were carried out to examine the direct effect of clopidogrel and aspirin on proliferation of primary human MSCs and C3H10T1/2 cells, a murine MSC line (Ko et al. 2015) .
Clopidogrel increased the number of MSCs. After 6 d of stimulation, clopidogrel increased the number of human MSCs by 56%, and after 9 d, the number was increased 67% versus matched control cells (P < 0.05; Fig. 4A ). Aspirin had no effect (P > 0.05). Similarly, clopidogrel significantly increased the number of murine MSC, but aspirin had no effect (P < 0.05; Fig. 4B ).
Discussion
In the present study, we evaluated the effects of aspirin and clopidogrel on MSC during the initial period of resolution of periodontal inflammation following induction of periodontitis. This period was chosen for examination based on our recent report showing that periodontal repair can be clearly observed during the 3-d period immediately subsequent to the removal of disease-inducing ligatures (Coimbra et al. 2014) . Clopidogrel increased the number of osteoblasts and the number of MSCs during this period. However, there were no significant changes induced by clopidogrel in the absence of inducing periodontitis. Aspirin, a known analgesic, had no effect on osteoblast counts or on the number of MSCs. However, there is no evidence that the analgesic effect of aspirin had an effect such as increased inflammation caused by greater occlusal trauma, since no changes in the periodontium were observed consistent with increased occlusal trauma. We found that clopidogrel increased the number of CD271 + MSCs. Few, if any, of the CD271 + cells in the periodontium were also CD45 + . The fact that MSCs were CD45is consistent with other reports (Dominici et al. 2006) indicating that CD271 + cells in the periodontal tissue were not hematopoietic.
Clopidogrel enhanced proliferation of MSCs in vivo and in vitro, but aspirin did not have this effect. Clopidogrel, a P2Y12 receptor agonist, increases cell proliferation (Ki-67 + ) in diabetic mice during wound healing but has not been linked to proliferation of MSCs (Scherer et al. 2011) . The pathway through which clopidogrel enhances MSC proliferation is unknown. However, our results suggest that there may be 2 distinct mechanisms. In vitro results indicate that clopidogrel directly increases MSC cell number, even when incubated in culture media supplemented with 10% fetal bovine serum that strongly induces proliferation. In vivo results show that clopidogrel reduces the presence of leukocytes in the gingiva, indicative of reduced proliferation.
We previously demonstrated that aspirin and clopidogrel decrease formation of an inflammatory infiltrate induced by experimental periodontitis but that the effect of clopidogrel is more pronounced than aspirin (Coimbra et al. 2011) . Clopidogrel also improves the repair process that occurs following cessation of experimental periodontitis and reduces osteoclast formation and bone loss more effectively than aspirin (Coimbra et al. 2014) . Thus, data presented here in vitro and in vivo are consistent in showing that clopidogrel enhances MSC proliferation and increases MSC numbers and are consistent with previous publications indicating that the repair process is enhanced by clopidogrel (Coimbra et al. 2014) . Taken together, these studies indicate that clopidogrel is more effective than aspirin in resolving inflammation and promoting repair in the periodontium. The resolution of inflammation and the induction of repair processes are important in reestablishing homeostasis following an episode of periodontal bone loss and peritoneal injury (Hasturk et al. 2007; Pacios et al. 2012; .
In summary, we showed that after the removal of the pathologic stimulus in the early/transition phase between diseaseassociated inflammation and repair, clopidogrel has a significant effect in increasing osteoblast numbers, reducing the inflammatory infiltrate, increasing the percentage of proliferating cells, and increasing the number of proliferating MSCs and the percentage total cells that were MSCs. In contrast, clopidogrel had little effect on MSC numbers or osteoblasts numbers in cells that did not have a prior stimulus of periodontitis. These results suggest that clopidogrel may have a positive effect in conditions where reparative processes predominate. In addition, the results are unlikely to be simply an effect on platelet degranulation since aspirin alone had little effect. Instead, our data suggest that clopidogrel has an effect on MSCs that involve a direct effect on these cells and also an indirect effect mediated by a change in the microenvironment, specifically a decrease in inflammation. Administration of clopidogrel may be helpful in the development of new approaches to improve cell-based regenerative procedures in the periodontium and elsewhere.
